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Total energies of 2-, 3-, 4- and disubstituted pyridines were calculated for the salt and the free base using
ab initio molecular orbital calculations at the STQ-3G basis set level [2]. In each set, the difference in energy,
AE,,, between the salt and the free base was calculated and plotted against experimentally derived gas-phase
proton affinities. The correlation was very good for each of the substituent categories listed. All of the
energies and proton affinities were then plotted together on the same graph. The result was an excellent cor-
relation with r = 0.97. The linear equation for gas phase proton affinity, PA; = 28.51 + 43545AE,
kcal/mole, was derived from this plot and was used to calculate proton affinities for all of the thirty-one com-
pounds used in this study as well as for a series of dicyanopyridines for which values of proton affinity are not

available at this time.
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We have been interested in the photochemically initi-
ated electron transfer reactions of six membered nitrogen
heterocycles for a number of years. The donor molecules
were taken from classes of compounds including alcohols
[3], amines [4], and alkenes [5]. The reactions have been
carried out in both acidic and neutral media, often pro-
ducing different results depending on whether or not the
nitrogen atom of the heterocyclic ring was protonated. In
our work, the pyridine ring is usually substituted with
cyano groups in order to lower the reduction potential of
the ring and facilitate the electron transfer process. When
the ring contains one cyano group and the photoreaction
is carried out in acidic solution, it can be assumed that the
electron acceptor in an electron transfer reaction is a pyri-
dinium salt. However, when the pyridine ring contains two
or more cyano groups, the basicity of the ring nitrogen is
greatly reduced and protonation becomes less likely. In
addition to the reduction potential of the pyridine ring,
another factor that may effect the electron transfer pro-
cess is whether or not the reactive excited state is n,x* or
m,7*. The type of excited state can be determined by pho-
tophysical measurements. The proton affinity of the ring
nitrogen, however, is difficult to determine with any
degree of accuracy for molecules that have a low base
strength. Furthermore most of what appears in the litera-
ture on this matter excludes 2-substituted pyridines and,
for the most part, also disubstituted pyridines.

In the past, ab initio calculations have been used to cor-
relate energies of reaction with the effect of substituents
on the proton affinity of monosubstituted pyridinium salts
compared to pyridine [6]. Similar experiments were re-
ported with anilinium salts and aniline [6] and substituted
phenoxide ion and phenol [7] among others. The success
obtained with these compounds prompted us to apply ab
initio calculations in an attempt to determine the proton

Table 1

Calculated Gas-Phase Proton Affinities for 2 Substituted Pyridines[a)

Substituent AE[b] PAfe] PAJdl PAJel  APA[f} % Diff[g)
-CH, 0.451 2237 2248 2248  +1.10  +0.49
-Et 0450 2249 2244 2243 060  -0.27
-CF, 0.429 2116 2153 2153  +3.70 +1.75
-CN 0416 208.9 2096 2097  +0.80  +0.38
-OCH, 0442 2213 2209 2209 040 -0.18
-Cl 0429 2148 2153 2153  +050  +0.23

[a] All values are in kilocalories except AE,.

[b] AE,, is the difference in energy in Hartrees between the salt
and the free pyridine base substituted in the 2 positon
with the groups listed.

[c] PA are the proton affinities from reference 8.

[d] PA, are the proton affinities calculated from the following
equation resulting from the plot of these groups:

PA,=11.26 + 472.93AE,

[e] PAg are the proton affinities calculated from equation (1).

[f] APA is the difference of PA from PA,.

[g] %Diff. is the percent ditference calculated from the equation

(PAg-PA)PA x 100.

affinity of disubstituted pyridines of low basicity and to
determine whether or not an empirical equation could be
developed which would accurately predict the proton af-
finities of both mono and disubstituted pyridines. The
procedure we used was to calculate the difference in total
energy between the free base and its salt, using ab initio
molecular orbital theory at the STO-3G level of approxi-
mation with a modified version of Gaussian 80, and plot-
ting this value directly against proton affinities. The pyri-
dine derivatives chosen in this study were those for which
literature values for proton affinities are available and in-
cluded both strongly electron donating and strongly elec-
tron accepting substituents [8]. Each set of energy differ-
ences for the various pyridine compounds was plotted
against proton affinities and generated the results shown
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Table 2

Calculated Gas-Phase Proton Affinities for 3 Substituted Pyridines{a]

Substituent AEJb] PAlc] PAJd] PAge] APA[f]  %Dift.[g}
-CH, 0.449 2228 2242 2239  +1.10  +0.49
-CH,CH3 0.447 2239 2234 2230  -0.90 -0.40
-CF, 0.423 2128 2133 2129  +0.10  +0.05
-CN 0415 2095 2100 2092  -0.30 -0.14
-OCH, 0443 2225 2217 2213 -1.20 -0.54
-F 0.425 2148 2141 2135  -1.30 -0.61
-Cl 0428 2157 2154 2148  -0.80 -0.42

[a] Al values are in kilocalories except for AE,,.

[b] AE,,is the difference in energy in Hartrees between the
salt and the free pyridine base substituted in the
3 position with the groups listed.

[c] PA are the proton affinities from reference 8.

[d} PA, are the proton affinities calculated from the following
eqution derived from a plot of these groups:

PA,=36.16 + 418.77AE,,

{e] PA, are the proton affinities calculated from equation (1).

[f] APA is the difference of PA from PA,.

[g] %Diff. refers to the percent difference calculated from the
equation: (PAg-PAYPA x 100.

Table 3

Calculated Gas-Phase Proton Affinities for 4 Substituted Pyridinesfa)

Substituent PAJb] PAlc] PAJd] PAge] APA[fl % Ditt[g]
-CH, 0.442 2237 2221 2209 -280 -1.30
-CH,CH, 0.444 2246 2231 2218  -2.80 -1.20
-CF, 0423 2131 2128 2127  -0.30 -0.14
-CN 0422 2103 2123 2123  +1.60  +0.76
-COCH3 0.431 2174 2167 2161 -1.30 -0.60
-COOCH, 0432 2183 2172 2166 -1.50 -0.69
-OCH3 0457  226.8 2295 227.4 +0.80  +0.35
-NO, 0.417 2089 2098 2101 +0.60  +0.29
-F 0437 2172 2172 2187 +1.50  +0.69
-Cl 0.432 2178 2172 2166 +1.00  +0.46

{a] All values are in kilocalories except for AE,.

[b] AE,, is the difference in energy in Hartrees between the salt
and the free pyridine base substituted in the 4 position with the groups listed.

[c] PA are the gas phase proton affinities from reference 8.

{d] PA, are the proton affinities calculated from the following
equation derived from a plot of these groups:

PA,=6.06 + 488.81AE,,.

[e] PAg are the proton affinities calculated from equation (1).

[f] APA is the difference of PA from PAg.

[g} % Ditff. is the percent difference calculated from the equation:

(PAg-PA)/PA x 100.

in Tables 1-3 for the 2, the 3, and the 4 substituted pyri-
dines respectively. A similar plot was done for certain di-
substituted pyridines for which values of proton affinities
were also available [8] and the results appear in Table 4.
The values for all thirty-one compounds were then plotted
together on the same graph (Figure 1). As can be seen
from our results, an excellent correlation was obtained
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Table 4
Calculated Gas-Phase Proton Affinities for Disubstituted Pyridines(a]
Substituent AE[b]  PA[q] PAJd]  PAJe] APA[]  %Diff[g]
2,3-DiMe 0.455 226.2 226.1 226.5 -0.10 -0.04
2,4-DiMe 0.458 227.1 227.5 227.8 +0.40 +0.18
2,5-DiMe 0.455 226.2 226.1 226.5 -0.10 -0.04
2,6-DiMe 0.4860 2271 228.4 228.7 +1.30 +0.57
3,4-DiMe 0.453 226.0 225.2 2256 -0.80 -0.35
3,5-DiMe 0.450 225.6 223.8 224.3 -1.80 +0.79
2C1,4Me 0.436 218.6 217.4 218.3 -1.20 -0.55
2Cl,6Me 0.438 215.9 218.3 219.2 +2.40 +1.11
[a] All values are in kilocalories except for AE,,.
[b] AE,,is the difference in energy in Hartrees between the salt and
the free pyridine base disubstituted with the groups listed.
{c] PA are the gas phase proton affinities from reference 8.
{d] PA, are the proton affinities calculated from the following
equation derived from a plot of the groups listed:
PA,=48.80 + 387.63AE,,
[e] PA; are the proton affinities calculated from equation (1).
[f] APA is the difference of PA from PA,.
(gl %Diff. is the percent difference calculated from the equation
(PAg-PA)/PA x 100.
Table 5
ADb Initio Molecular Orbital (STO-3G) Total Energy and Gas Phase
Proton Affinity Calculations for Dicyanopyridines
Pyridine Derivative Total Energy AE,[a] PA,[b)
2,3-Pyridinedicarbonitrile -424.728087918 0.404 204.4
2,3-Dicyanopyridinium salt -425.133329080
2,4-Pyridinedicarbonitrile -424.730243263 0.384 195.7
2,4-Dicyanopyridinium salt -425.114564301
2,5-Pyridinedicarbonitrile -424.730959968 0.403 203.9
2,5-Dicyanopyridinium saft -425.134200815
2,6-Pyridinedicarbonitrile -424.730504153 0.400 202.7
2,6-Dicyanopyridinium salt -425.130295351
3,5-Pyridinedicarbonitrile -424.731393185 0.405 204.8

3,5-Dicyanopyridinium salt -425.136008645

[a] AE,, refers to the energy difference between the salt and the free
base.

[b) PA; are the proton affinities in kilocalories calculated with
equation (1).

with 2 (r = 0.98), 3 (r = 0.99) and 4 (r = 0.97) substituted
pyridines. In the case of the disubstituted pyridines the
correlation coefficient is 0.86 if 2-Chloro-6-methoxypyri-
dine is included, and if it is not, the correlation of the re-
maining compounds is very good with r = 0.94. When
thirty-one compounds were plotted on the same graph a
surprisingly good correlation was obtained with r = 0.97.
From this plot, the linear equation (1) was derived. This
equation was then used to estimate the proton affinities

PA; = 28.51 + 435.45AE, Kcal/mole 1)

found in Tables 1, 2, 3 and 4 under the column heading
PA,.
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Figure 1. Plot of the gas phase proton affinities in kilocalories/mole, PA, from reference 8 versus the corresponding difference in energy, AE in
Hartrees, between protonated and unprotonated substituted pyridines. AE calculations were carried out at the STQ-3G basis set level.

Calculated values of proton affinity for three of the
original thirty-four compounds that we studied including
2-fluoro-, 2-thiomethyl-, and 2-chloro-6-methoxypyridine
overestimated the published values of proton affinities by
an average of 5.58 kcal/mole or 2.56%. These were not in-
cluded in the plot.

Equation (1) was then used to calculate the proton affin-
ities of a series of dicyanopyridines and the results are
found in Table 5. Though these calculated values seem
reasonable, measured values are not available at this time,
so no comparisions could be made.

Discussion.

During the last ten years, considerable interest has been
focused on the effect of 3- and 4-substitution on the basic-
ity of pyridine [6] [8]. Our aim in this work was not to
repeat these studies, but to determine if the measured ef-
fect on basicity of any substituent in any position of pyri-
dine could be correlated with the calculated difference in

energy between the pyridinium salt and the corresponding
free base using the STO-3G level of calculation. Ultimately
our hope was to develop an equation that could be used to
calculate the gas-phase proton affinity of any of the mono
and disubstituted pyridines. Our results indicate that we
achieved considerable success in accomplishing this goal.

Our calculations began by first establishing a minimum
energy structure using empirical force-field calculation.
This structure was then subjected to MNDO calculation
and the final cartesian coordinates used in the ab initio
calculation at the STO-3G basis set level. This minimal
basis set was used in order to conserve computer time and
because the quality of our results did not warrant the use
of higher level calculations.

The results we obtained show that electron withdrawing
groups such as -CF;, -CN, and -Cl correlate well at the 2,
3, and 4 positions of pyridine but that fluorine correlated
at the 3 and 4 positions but not at the 2 position. The
strongly electron donor group ~-OCH,; and the weakly elec-
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tron donor alkyl groups also correlated well at every posi-
tion. The -SCH; group as well as the -NH, and -N(CH3),
groups did not correlate at any position. When fluorine
and thiomethyl are at the 2 position of pyridine, the gas
phase proton affinities were overestimated by about 6
kcal/mole. For the cases of the amino groups at any posi-
tion and the ~SCH; group at the 4 position proton affin-
ities were underestimated by about 6 kcal/mole.

It is clear that calculations at the STO-3G level are ade-
quate for the prediction of gas phase proton affinities of
most monosubstituted pyridines if these substituent
groups are electron withdrawing. However, when the sub-
stituent group extends the m-electron system as does the
amino group, STO-3G calculations underestimate the sta-
bility of either the free base or the corresponding salt rela-
tive to the other. One also notices that 2,6-disubstitution in
which the groups involved comprise a strong donor-accep-
tor system, such as exists in 2-chloro-6-methoxypyridine,
presents another problem. In this case each group can ex-
ert a resonance effect as well as a strong inductive effect
on the ring as well as on the nearby nitrogen atom and on
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each other. It is difficult to predict to what extent one
group would be affected by the other and how normal each
group would behave in its donor acceptor properties. This
unpredictable behavior of the substituents could result in
an error in the calculation of total energies which would in
turn result in an error in the calculated proton affinities.
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